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Introduction

This note describes my analysis of the measurement of the
electron energy distribution function in a DC glow discharge reported
by T.Kimura, K. Akatsuka, and K. Ohe!, in “Experimental and
theoretical investigations of DC glow discharges in argon-nitrogen
mixtures,” J. Phys. D: Appl. Phys. 27 (1994) 1664-1671. T. Kimura of
the Department of Systems Engineering at the Nagoya Institute of
Technology sent me this paper in 1994, as well as2 “Electron Energy
Distribution Function in Neon-Nitrogen Mixture Positive Column,” T.
Kimura, and K. Ohe, Jpn. J. Appl. Phys. Vol. 31, Part 1, No. 12A,
December 1992, pp. 4051-4052.

I base my analysis on the data for a pure N, discharge at p = 1
torr in the 1994 paper!. Figures 2 and 3 in that paper show a
discrepancy between f(e) as measured by Langmuir probing and f(g)
as calculated from E/N based on the measured axial field. Kimura et.
al. explain their observation of hotter than expected electrons on
superelastic collisions with vibrationally excited nitrogen. My
fundamental point is that the radial field generated by ambipolar
diffusion significantly augments E/N above the contribution from the
axial field in this experiment, and creates a higher than expected
radially averaged electron energy.

Model of the experimental positive column

The discharge tube has an inner radius R = 0.9 cm, at p = 1 torr
of pure nitrogen, with current I = 100 mA, a measured average
electron energy € = 3 eV, and a measured average electron number
density of 4 x 1010 cm-3,



From the classical positive column analysis the radial electron
density profile is given by a zeroth order Bessel function with a peak
atr = 0 of 9.3 x 1010 ¢cm-3, and the first Bessel zero (2.405) at r = R.
The radial average here is 4 x 1010 cm-3. The resulting radial electric
field magnitude can be shown to be:
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for electron temperature expressed in eV and equivalent to De/pe,
and where zeroth and first order Bessel functions are involved. The
radial electric field is zero on the axis and infinite at R. Naturally,
before the field becomes infinite quasineutrality breaks down and an
electrostatic sheath coats the inner discharge tube wall.

The electric field across this sheath can be estimated as T,
across a Debye length hp. The Debye length in turn is assumed to
result from 3 eV electrons at a density about one tenth of the tube
average, or 4 x 109 cm-3. This estimate produces hp = 0.0203 cm and
Debye field Ep = 147 V/cm. The electron-neutral mean free path is
comparable at A, = 0.028 cm. The transition between ambipolar flow
and the wall sheath is designated as radius rp, which is taken as the
root of equation (1) where E = Ep = 147 V/cm. This is found to be
rp = 0.879 cm, and as this all results in R-rp = 1.014 hp, the original
estimate of plasma density near the wall is shown to be quite
reasonable. The radially averaged radial electric field in the
ambipolar zone is found to be 12.1 V/cm (10.7 volts across 0.879 cm,
then 3 volts across the sheath). Figure 1, below, shows the profile.

Calculating f(c) and € as functions of radius

The probes used in the experiment were cylinders of 0.01 cm
diameter and 0.15 cm length, spaced 5.3 cm apart on the tube axis.
The tube radius, probe length, probe diameter and electron mean
free path are in aratio: R:Lp:rp:Ae=32:54:0.4: 1. The Debye
length at the tube wall is comparable to the electron mean free path,
and diminishes on approach to the axis. The ratio of tube radius to
mean free path is small enough to interpret probe measurements as
indicative of conditions averaged over the tube cross section.
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Pigure 1: Radial electric field (V/cm) along radial
coordinate (= 2.405 r/R), with ambipolar average (12.1
V/cm), and the extent of the wall sheath shown. ("i" is
an index of data points used in the plots). E/N based
on this plot peaks at 417 Townsends (Td = 10-17 V-
cm2) with an ambipolar average of 34 Td. Axial E/N is
50.85 Td.



Figure 2, below, shows the net E/N given by the vector summation
of radial and axial magnitudes. The resulting average is 61
Townsends. I would calculate an average electron energy in pure
nitrogen of 1.3 eV at 50 Td, and 2 eV at 90 Td, a nearly linear
relationship. This is in reasonable agreement with the expectation of
Kimura et. al. of 1.5 to 2 eV (depending on vibrational temperature)
at S1 Td axially, and their measured 3 eV which I see as due to an
increase in net E/N because of the radial field.
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Figure 2: Net E/N (Td) at radius (cm): vector sum of
radial and axial (50.85 Td) magnitudes. Horizontal line
at 50.85 Td. Dotted line is an exponential profile with
1/e length of 0.04 cm (1.4 mean free paths).



Using the exponential E/N profile of Figure 2, I calculate the
average electron energy as a function of distance from the inner edge
of the wall sheath towards the axis by a method described
previously3.4, Figure 3 shows the result.

Figure 3: calculated average electron energy (eV) at
distance (cm) from wall sheath given exponential E/N
of Figure 2 (22.5 e-folds = 0.9 cm) (“j" is another data
point index, “t” is a distance parameter name, line
above “2" is just a tag identifying "e" with the line)

Defining the area-averaged energy (here Ty = 0) as:

D
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then for Figure 3 the result of equation (2) is €ave = 2.16 eV within
the ambipolar zone (the inner 95.4% of the cross section). If an outer
annulus at 0.021 cm (4.6 % of the cross section) and 6 eV is included,
then 2.34 eV is the cross section average energy. It is not hard to
visualize an area-averaged electron energy of 3 eV given the profiles
in Figures 2 and 3, in combination with superelastic collisions with
excited nitrogen. Because the exponential form is easier to calculate
then the Bessel form it was used to generate numbers for this
example, also I used simplified cross sections to represent nitrogen.
Sample electron energy distribution functions at various
distances from the wall sheath (at various radii in the ambipolar
zone) are shown below in Figure 4. The “averaged” f in Figure 4



(like equation (2)) is generally similar to the Kimura et. al. measured
f in Figure 2 of reference (1), while the “steep” f of Figure 4 is
generally similar to the f expected by Kimura by his calculations
based on axial E/N.
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Figure 4: electron energy distribution functions
(eV-3/2 vs. eV). The heavy line is the area-averaged
f(e) over the ambipolar zone (0.879 > r), with €4ve =
2.16 eV. The steep f has axial B/N (r = 0 cm) and € =
1.7 eV, and the shallow f occurs close to the wall
sheath (r = 0.879 cm) where € = 6 eV in Figure 3.



Conclusion

The relative narrowness of the discharge tube (R/Ae = 32) in
the experiment produced a significant radial electric field that
augmented local E/N significantly above the contribution from the
axial positive column field. I believe that both the measurements and
calculational method used by Kimura, Akatsuka and Ohe were quite
accurate, but that too low a value of E/N was used in the calculations.
Experiments in a wider discharge tube (R/A¢ >> 32) would help to
separate the effects on f(€) of radial E/N and superelastic collisions
with vibrationally excited nitrogen.
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